Evolutionary relationships among members of the regulator of complement activation (RCA) gene cluster were analyzed using neighbor-joining and parsimony methods of phylogenetic tree inference. We investigated the structural and functional similarities among short consensus repeats (SCRs) of the following human proteins: the ␣ chain of the C4b-binding protein (C4bp␣), factor H (FH), factor H-related proteins (FHR-1 through FHR-4), complement receptors type 1 (CR1) and type 2 (CR2), the CR1-like protein (CR1L), membrane cofactor protein (MCP), decay accelerating factor (DAF), and the sand bass proteins, the cofactor protein (SBP1) and its homolog, the cofactorrelated protein (SBCRP-1). Also included are the ␤ chain of the human C4b-binding protein (C4bp␤) and the b subunit of human blood-clotting factor XIII (FXIIIb). Our results indicate that the human plasma complement regulators, FH and C4bp␣, fall into two distinct groups on the basis of their sequence divergence. Homology among RCA proteins is in agreement with their chromosomal location, with the exception of C4bp␤. The evolutionary relationships among individual short consensus repeats are confirmed by the exon/intron structure of the RCA members. Structural similarities among repeats of the RCA proteins correlate with their functional activities and demonstrate the importance of the N-terminal SCRs.
Introduction
The complement system is a complex group of plasma and cell membrane proteins that participate in biologically important processes, including inflammation, host defense, and regulation of the immune response. There are more than 20 plasma proteins, which are involved in the activation and regulation of the complement system. Over half of these proteins function as enzymes, enzyme inhibitors, or enzyme cofactors. Most of the enzymes in the system circulate as inactive precursors expressing proteolytic activity only when complement is activated. Together with the plasma proteins, there are more than 10 cell membrane proteins (complement receptors) which exhibit defined ligand specificity for fragments generated during complement activation (reviewed by Müller-Eberhard 1985; Whaley and Schwaeble 1997) . Some of these receptors may also serve as regulators of complement activation or may protect autologous cells from the lytic effect of complement. Receptor ligand interactions, particularly those derived from C3, mediate many of the host defense functhe target, and some covalently binds to the C3 convertase itself, resulting in the formation of the C5 convertase. After C3 cleavage, the three pathways converge into the lytic event involving the terminal sequences C5, C6, C7, C8, and C9 and the oligomerization of C9 (membrane attack complex; MAC), which causes the formation of transmembrane channels and cell lysis (reviewed by Müller-Eberhard 1985) .
Activation of the complement system is tightly regulated at different steps to prevent uncontrolled activation and to assure that damage to autologous cells is avoided. Regulation is achieved through the intrinsic decay of activating complexes (enzymes) and the action of plasma proteins that act as inhibitors, as well as cell membrane-anchored regulators. Soluble proteins in plasma control C3 activation either in the fluid phase or on the surface of activating particles. C4-binding protein, factor H (FH), and low-molecular-weight FH-like proteins have been shown to mediate these functions (Whaley and Ruddy 1976; Pangburn, Schreiber, and Müller-Eberhard 1977; Gigli, Fujita, and Nussenzweig 1979; Misasi et al. 1989) . Similarly, a number of cell membrane-anchored regulators act to prevent uncontrolled C3 activation. They are complement receptor type 1 (CR1), decay accelerating factor (DAF/CD55), and membrane cofactor protein (MCP/CD46) (Fearon 1979; Nicholson-Weller et al. 1982; Medof, Kinoshita, and Nussenzweig 1984; Liszewski, Post, and Atkinson 1991) .
In humans, a number of the regulatory proteins (table 1) are encoded by a cluster of genes located on the long arm of chromosome 1 (1q32). This region is called the regulator of complement activation (RCA) gene cluster (Weis et al. 1987; Heine-Suñer et al. 1997) . Although the proteins within the RCA family vary in size, they share significant primary amino acid structure similarities. They are organized in tandem structural units termed short consensus repeats (SCRs), which are present in multiple copies in the protein. Each SCR consists (Zipfel and Skerka 1994) .
b Several polymorphic variants of human CR1 and CR2 exist that differ from one another in number of SCRs. CR1 alleles contain 23-44 SCRs, while CR2 alleles contain 15 and 16 SCRs (Fujisaku et al. 1989; Farries and Atkinson 1991 of 60-70 highly conserved amino acids, including 4 cysteines. The cysteines are disulphide-bonded, holding the SCRs in a rigid triple-loop structure (reviewed by Hourcade, Holers, and Atkinson 1989) . The two important plasma regulatory proteins encoded within the RCA cluster are FH and the ␣ chain of the C4b-binding protein (C4bp␣). They modulate the activation of the alternative and the classical pathways, respectively, by accelerating the decay of the C3 convertases. They also act as cofactors for plasma enzyme factor I ( fig. 2 ) in the enzymatic degradation of C3b and C4b (Whaley and Ruddy 1976; Pangburn, Schreiber, and Müller-Eberhard 1977; Gigli, Fujita, and Nussenzweig 1979) .
Several other genes within the RCA cluster code for integral cell membrane proteins with regulatory functions similar to those of the plasma proteins: decay accelerating factor (DAF), membrane cofactor protein (MCP), and complement receptor type 1 (CR1). DAF prevents the formation and accelerates the dissociation of both the classical and the alternative pathway C3 convertases, while MCP is a cofactor for factor I in the degradation of C3b and C4b (Nicholson-Weller et al. 1982; Pangburn, Schreiber, and Müller-Eberhard 1983; Medof, Kinoshita, and Nussenzweig 1984; Fujita et al. 1987; Seya and Atkinson 1989) . CR1, the receptor for C3b/C4b, regulates complement in a manner similar to that of the plasma proteins FH and C4bp␣ (Fearon 1979; Iida and Nussenzweig 1981; Turner 1984) . The RCA cluster also contains a gene that encodes for another protein receptor, complement receptor type 2 (CR2; the C3d/Epstein-Barr virus receptor). CR2 interacts with the cleavage fragments iC3b and C3dg that result from the factor I-mediated proteolysis of C3b (Ross et al. 1973) .
In addition to these well-characterized regulatory proteins, the RCA cluster includes other homologous FIG. 2.-Regulation of the classical and alternative pathways by plasma and membrane regulator of complement activation (RCA) proteins. Names of complement regulators encoded by genes in the RCA cluster are shown in bold. C4bp is a C4-binding protein which consists of seven identical ␣ chains (C4bp␣) and one ␤ chain (C4bp␤). Symbols for other RCA proteins (FH, DAF, MCP, and CR1) are the same as in table 1. I is a plasma regulatory protein factor I with enzymatic activity. C1, C2, C3, C4, and factor B are complement components. C is an activated 1 form of C1 that proteolytically cleaves C2 and C4. D is factor D, an enzyme that cleaves factor B in the C3bB complex. C3a and C3b are products of the proteolytic cleavage of C3. C4b2a is the classical pathway C3 convertase, and C3bBb is the alternative pathway C3 convertase. Solid black arrows indicate protein changes. White arrows show proteolytic cleavage effect, while interrupted white arrows indicate inhibition. Dashed arrows indicate regulatory activity of RCA proteins. A black circle indicates similar regulatory effects of DAF, CR1, and MCP as cofactors of factor I.
genes that contain tandem SCRs. Such genes code for proteins related to FH (FHR-1, FHR-2, FHR-3, and FHR-4) (Zipfel and Skerka 1994; Heine-Suñer et al. 1998 ) and another FH-like gene (Weiss and Cannich 1998) which may encode an FH-related protein not yet characterized. Two other RCA genes, CR1-like (CR1L) and MCP-like (MCPL), share a high degree of similarity to CR1 and MCP genes, respectively (Hourcade et al. 1990 (Hourcade et al. , 1992 . Although no CR1L or MCPL protein products have yet been confirmed in humans, the CR1L protein has been identified in baboons (Birmingham et al. 1996) . There are two known pseudogenes, C4BPAL1 and C4BPAL2, homologous to the gene encoding for C4bp␣ (Pardo-Manuel de Villena and Rodríguez de Córdoba 1995).
RCA genes that encode SCR-containing proteins with functions other than complement regulation have been identified. These proteins are the ␤ chain of the C4-binding protein (C4bp␤) and the b subunit of bloodclotting factor XIII (FXIIIb), both of which participate in coagulation (Chung, Lewis, and Folk 1974; Pangburn and Müller-Eberhard 1985; Hillarp and Dahlbäck 1988) . Some human complement proteins containing SCRs do not belong to the RCA group because their genes are not located within the RCA cluster (e.g., Reid and Day 1989) .
The SCRs found in RCA proteins carry a variety of functions, including protein binding and cofactor activity in complement regulation (reviewed by Hourcade, Holers, and Atkinson 1989; Reid and Day 1989) . These repeats appear to have a very ancient origin. SCR-containing genes sharing sequence similarity with SCR regions of human complement genes have been found in insects (Drosophila), nematodes (Caenorhabditis elegans), and sponges (Geodia cydonium) (Hoshino et al. 1993; Ainscough et al. 1998; Blumbach et al. 1998; Pahler et al. 1998) . However, the function of the products of such genes in complement has not been investigated. The SCRs from different proteins, even occurring in highly divergent animal lineages, contain a number of conserved amino acid residues, which indicates their common evolutionary origin and functional importance. The degree of divergence between individual SCRs is variable, making it possible to use phylogenetic methods to study their evolution (Krushkal, Kemper, and Gigli 1998) .
To date, the species most divergent from humans found to contain a functional protein regulating complement activation is the bony fish barred sand bass, Parablax nebulifer. The sand bass cofactor protein isolated from plasma and by recombinant cDNA expression, SBP1, has functional and structural similarity to both human C4bp␣ and FH. It consists of tandem SCRs, binds to both C4b and C3b, and serves as a cofactor in their enzymatic cleavage by factor I Gigli 1987, 1989; Dahmen et al. 1994; Kemper, Zipfel, and Gigli 1998) . Sand bass has at least one more SCR-containing gene, and its predicted protein, sand bass cofactor related protein 1 (SBCRP-1), shares structural similarity with SBP1 .
Because RCA proteins share extensive structural similarity and functional activities, it is important to know how they originated and evolved. Farries and Atkinson (1991) proposed that the FH, C4bp␣, MCP, DAF, and CR1/CR2 lineages have a starlike origin. However, because the RCA family includes a variety of plasma factors and membrane proteins participating in regulation of both the classical and the alternative pathways, these factors may have appeared at different times in evolution. Genes encoding for C3 and factor B proteins, which are involved in the alternative pathway C3 convertase, probably appeared earlier than C4 and C2, which are involved in the classical pathway convertase (Farries and Atkinson 1991; Seeger, Mayer, and Klein 1996; Sunyer, Zarkadis, and Lambris 1998) . The complement regulators that interact with them may also have appeared at different times in evolutionary history.
In the present study, we investigated the homology relationships among RCA proteins and their individual SCRs. We also compared how the homology among individual domains of RCA proteins corresponded to their exon/intron structure and functional activity. Based on these comparisons, we discuss the possible evolution of the RCA members.
Materials and Methods

Sequence Data
To investigate the relationships among RCA proteins by phylogenetic tree inference, we compared their individual SCRs. Due to the high degree of sequence divergence among SCRs (Krushkal, Kemper, and Gigli 1998) , our analysis was restricted to protein sequences. We therefore did not include the two pseudogenes, C4BPAL1 and C4BPAL2, and the MCPL gene, for which no protein products are known. The list of protein sequences used in this analysis and their GenBank accession numbers and GI numbers are provided in table 1.
Alignment of Sequences
Since each protein contains multiple repeats homologous to one another, it was not possible to determine a priori how to align the complete protein sequence. We therefore investigated the homology relationships among individual SCRs. The inferred relationships among repeats were used both to analyze the evolutionary relationships among proteins and to compare the sequence similarities with gene structure and functional activities. One hundred thirty-two SCRs from human RCA proteins and their sand bass homologs (table 1) were aligned by an automated program, CLUS-TAL W, version 1.7 (Thompson, Higgins, and Gibson 1994) , and the resulting alignment was further improved manually.
Inference of Phylogenetic Trees from Individual SCRs
Phylogenetic trees were inferred by the neighborjoining and parsimony methods. When the trees were inferred by the neighbor-joining method (Saitou and Nei 1987) , we used two approaches to measure amino acid sequence dissimilarity between repeats. One approach took into account multiple amino acid substitutions and variation of substitution rate among sites (Ota and Nei 1994) . We used the value 0.93 of the shape parameter ␣ for the gamma distribution of substitution rate among sites, estimated from SCRs of human C4bp␣ and FH (Krushkal, Kemper, and Gigli 1998) . The neighbor-joining tree based on corrected distances was inferred with 1,000 bootstrap replications using the computer software NJBOOTAG (modified from program NJBOOTLI; A. Zharkikh, personal communication).
The second approach was to use Dayhoff (1979, p.348 ) PAM distances. These distances were employed to infer neighbor-joining trees by programs from the PHYLIP phylogenetic package, version 3.57c (Felsenstein 1989) . The trees were inferred with 500 bootstrap replications with the programs SEQBOOT, PROTDIST, and NEIGHBOR. The consensus of these 500 trees was inferred with the program CONSENSE.
We also inferred phylogenetic trees from 132 SCRs by the equally weighted parsimony method using PAUP*, version 4.0d63 (Swofford 1998) . Due to the large number of sequences, all possible tree rearrangements could not be evaluated under a feasible computer time and memory. We therefore limited the search to five replications, during which over two million possible tree rearrangements were tried. After these rearrangements, 91 trees with the minimal length of 3,871 substitutions were saved, and the majority-rule (50%) consensus of these trees was inferred. Although this consensus tree may not represent the shortest possible tree, it is in good agreement with the trees inferred by the neighbor-joining method, and therefore it may be informative in the analysis of the RCA proteins.
All of the phylogenetic trees were midpoint-rooted with the help of the RETREE program from the PHY-LIP package. The trees were presented using the phylogeny drawing program TreeView, versions 1.6.0 and 1.6.1 (Page 1996) .
Inclusion and Exclusion of Indels
The results presented here for the tree inferred by NJBOOTAG using the neighbor-joining method with correction for the variation of substitution rate among sites are based on inclusion of insertions and deletions (indels). In this case, gaps and amino acid substitutions were treated equally. Similar results were also obtained FIG. 3 .-An example explaining the algorithm for inferring a summary tree for the entire protein sequences from the phylogenetic tree for individual repeats. PA, PB, PC, and PD are four hypothetical protein sequences, where PA consists of four repeats, while PB, PC and PD contain three repeats each. A, A hypothetical phylogenetic tree for the 13 individual repeats from sequences PA, PB, PC, and PD. B, A summary phylogeny for sequences PA, PB, PC, and PD inferred as a majority-rule consensus tree from the three subtrees (I-III) containing individual repeats. For each sequence, the proportion (%) of repeats supporting the summary topology is shown.
when indel positions were excluded from analysis (data not shown). In the trees inferred by PHYLIP using Dayhoff PAM distances and by PAUP* using parsimony analysis, gaps were considered an unknown state.
Inference of the Summary Tree of Relationships Among the Entire RCA Protein Sequences The summary tree of relationships among the entire RCA protein sequences was unambiguously deduced from the phylogenetic trees of individual repeats. The summary tree was derived as a majority-rule consensus tree from the subtrees containing individual short consensus repeats. A hypothetical example of such inference is shown in figure 3 . It includes four protein sequences, PA, PB, PC, and PD. PA contains four homologous repeats, while PB, PC, and PD contain three repeats each. A summary tree of relationships among PA, PB, PC, and PD is inferred as a majority-rule consensus tree from the three subtrees (I-III) of the phylogenetic tree that consists of individual repeats ( fig.  3A) . For each sequence, a proportion of repeats supporting the summary tree was computed ( fig. 3B ).
Results
The very large number (132) of SCRs used in the phylogenetic tree inference mandates that instead of presenting the entire trees, we list the nodes supported by more than 50% of the replications (tables 2 and 3). The threshold of 50% for bootstrap support was necessary because of the very short lengths of SCRs (60-70 amino acids) and their high degree of divergence, which tend to result in lower bootstrap values. We also present the summary tree that shows the relationships among the RCA proteins ( fig. 4) unambiguously deduced from the trees containing individual SCRs. Table 4 shows the proportion of SCRs in each RCA sequence that support the summary tree topology shown in figure 4 . In addition, figures 5 and 6 show the homology relationships among individual SCRs determined from the phylogenetic trees. The phylogenetic trees inferred from individual repeats of RCA proteins, the distances among individual SCRs, and the sequence alignment are provided as a supplement which can be viewed via a World Wide Web page (see Supplementary Material).
Relationships Among RCA Members and Their Chromosomal Location
Tables 2 and 3 list the clusters that were identical in the three phylogenetic trees inferred from the 132 repeats of the RCA proteins showing more than 50% support among bootstrap replicates and in a consensus tree. With the exception of two nodes that had consensus tree support of 79% and 84%, all nodes listed in tables 2 and 3 had 100% support in the consensus tree, i.e., they were present in a strict consensus tree. A large number of other clusters also had high support but a slightly different joining of lineages among the three trees. For example, clustering of SCRs 1, 8, 15, and 22 of CR1 and SCR 1 of CR1L had 99%-100% support in all three trees. In the consensus of parsimony trees, SCR 1 of CR1 and SCR 1 of CR1L were the closest to SCRs 8 and 15 of CR1, while in the neighbor-joining trees they were the closest to SCR 22 of CR1. Such clusters were not reported in tables 2 and 3, but their support values are shown in phylogenetic trees presented in the supplement (see Supplementary Material) . Figure 4 shows the homology relationships among RCA proteins summarized from all trees inferred, and table 4 indicates that this tree topology is strongly supported by the majority of repeats in each protein. In contrast to the previously proposed scheme of the starlike evolution of RCA members (Farries and Atkinson 1991) , we found that their evolution was not starlike. The observed protein sequence similarities of RCA members mostly correlate with the physical location of the human RCA genes on chromosome 1. Our phylogenetic comparisons indicate the presence of two distinct groups which are known to be separated by a genetic distance of 7-22.5 cM (Rey-Campos, Rubinstein, and Rodríguez de Córdoba 1988; Heine-Suñer et al. 1997) . One group (group 1) includes human FH, FHrelated proteins FHR-1, FHR-2, FHR-3, and FHR-4, and coagulation factor FXIIIb. Indeed, the genes encoding NOTE.-Shown are the support values for group 1 proteins in the three trees inferred from 132 individual short consensus repeats (SCRs). For NJBOOTAG, the numbers show the bootstrap support (%) from 1,00 bootstrap replications for a tree inferred by the neighbor-joining method using correction for multiple hits and substitution rate variation among sites, with indels included in the analysis. For PHYLIP, the numbers indicate the occurrence (%) of the node in a consensus tree of 500 replicates, with threes inferred by the neighbor-joining method using Dayhoff distances. For PAUP*, the numbers show the occurrence of a node in a majority-rule consensus of 91 minimal trees found after five replicates of branch-and-bound search by unweighted parsimony. Lineage 1 and lineage 2 are the two lineages that form a cluster for which the bootstrap value is reported. For each node listed, lineages 1 and 2 were identical in all three trees and had support values over 50% in all of the trees. An asterisk indicates groups of repeats that have identical amino acid sequences. Other identical repeats of group 1 proteins not listed in the table are (1) SCRs 2 of FHR-1 and 2 of FHR-2 and (2) SCRs 18 of FH and 3 of FHR-1. FIG. 4.-Clustering of regulator of complement activation (RCA) proteins based on the homology of their protein sequences. This summary unrooted tree reflects the homology relationships among RCA proteins based on similarity among their individual short consensus repeats (SCRs) inferred from the neighbor-joining and parsimony trees. Proteins more similar to one another are clustered together. Branch length is not proportional to degree of divergence among proteins. Names of proteins known to participate in complement regulation are shown in a larger font. C4bp␤ is not included, for two of its three repeats show higher similarity to non-RCA proteins than to RCA proteins. (18) 80% (4) 75% (3) 100% (5) 100% (5) 100% (30) 100% (7) 93% (14) 100% (4) 75% (3) 90% (9) 82% (14) 100% (3) 75% (6) 95% (19) 100% (5) 100% (4) 100% (5) 100% (5) 100% (30) 100% (7) 80% (12) 50% (2) 75% (3) 100% (10) 76% (4) 100% (3) 63% (5) 75% (15) 80% (4) 75% (3) 100% (5) 100% (5) 100% (30) 100% (7) 93% (14) 100% (4) 75% (3) 100% (100) 82% (14) 100% (3) a The proportion of supporting repeats is shown as a percentage, followed by the number of supporting repeats in parentheses. Symbols for the tree inference methods are the same as in table 2.
b The first four N-terminal repeats (SCRs 1-4) of C4bp␣ support the summary tree for each method.
for these proteins are closely linked and located within 650 kb-2.2 Mb (Rey-Campos, Baeza-Sanz, and Rodriguez de Cordoba 1990; Skerka et al. 1995; Heine-Suñer et al. 1998; Weiss and Cannich 1998) . These proteins express the greatest structural similarity to sand bass proteins SBP1 and SBCRP-1. Group 2 includes the genes located within the 900-kb region which code for proteins C4bp␣, MCP, DAF, complement receptors CR1 and CR2, and CR1L (ReyCampos, Baeza-Sanz, and Rodriguez de Cordoba 1990; Pardo-Manuel de Villena and Rodríguez de Córdoba 1995). In contrast to the high support shown in tables 2 and 3 for clustering of SCRs within group 1 and group 2 proteins, clustering between repeats from groups 1 and 2 had very low support values (data not shown).
The C4bp␤ gene does not fall within either group. Although the C4bp␤ gene is located near the C4bp␣ gene (Pardo-Manuel et al. 1990) , only its SCR 2 shows a close similarity to SCRs from group 2 proteins. It is similar to repeat 30 of CR1, repeat 15 of CR2, and other related repeats from group 2 proteins, all of which are similar to SCR 4 of C4bp␣ (see below). SCRs 1 and 3 of C4bp␤ are divergent from those of other RCA proteins.
Relationships Among SCRs of Group 1 Proteins
Comparison of phylogenetic relationships among individual SCRs identified several regions of human FH that are homologous to FH-related proteins FHR-1, FHR-2, FHR-3, and FHR-4, sand bass proteins SBP1 and SBCRP-1, and human coagulation factor FXIIIb ( fig. 5 ). Based on phylogenetic clustering, we identified four distinct subtypes of SCRs: those similar to (1) repeat 2 of FH, (2) SCRs 6-9 and related repeat 4, (3) SCRs 18-20 of FH and more distantly related repeats 1, 3, 10, and 14-16, or (4) SCRs divergent from all three of the above types.
Human FH-related proteins FHR-1, FHR-2, FHR-3, and FHR-4 seem to have diverged very recently from the regions that correspond to SCRs 6-9 and 18-20 of FH. The support for these clusterings was very high, in most cases above 90% (table 2) . These regions are also duplicated in murine FH-related proteins (Zipfel and Skerka 1994) .
Among SCRs of SBP1, repeat 2 seems to be closely related to repeat 2 of FH, and their clustering is supported by 88%-100% (table 2) . SCR 16 is similar to SCR 19 of FH (44%-100% support), while repeat 17 is most similar to repeat 20 of FH (86%-100% support). Repeat 3 is similar to repeat 10 of FH and distantly related to repeats 18-20 of FH. Several other more divergent SCRs of SBP1 were likely to have a common origin with repeats 6-9 or 18-20 of FH (data not shown). SCR 1 is similar to both repeat 1 and repeat 3 of FH. Repeat 4 is similar to both repeat 10 and repeat 20 of factor H, and repeat 6 is similar to repeats 4-10 and 20 ( fig. 5) .
As noted previously Krushkal, Kemper, and Gigli 1998) , sand bass proteins SBCRP-1 and SBP1 diverged very recently (fig. 4) . The three SCRs of SBCRP-1 are closely related to repeats 6, 16, and 17 of SBP1, respectively (82%-100% support; table 2).
Comparison of the SCRs of coagulation factor FXIIIb and FH again shows groups of repeats that are likely to be related to repeats 6-9 and 18-20 of FH (fig. 5). SCRs 2 and 3 are likely to have a common origin with repeat 8 of FH, while repeats 8 and 10 clustered with 20 of FH. Repeat 1 is similar to repeats 4 and 6-9 of FH, and repeats 5-7 and 9 are related to repeats 14-16 of FH (data not shown). Finally, SCR 4 of FXIIIb was clustered with repeats 3, 4, and 6-9 of FH.
The structural homology among proteins shown in figure 5 is in agreement with the exon/intron structure of their genes. All known functional regulators of complement activation have one or more SCRs encoded by two exons (''split'' SCRs), with a splice site after the second nucleotide within the Gly34 codon of the SCR consensus sequence (Hillarp et al. 1993) . In murine FH, SCR 2 is the only repeat encoded by two exons (Vik et al. 1988) . In contrast, sequence similarity in FH-related proteins FHR-1, FHR-2, FHR-3, and FHR-4 and coagulation factor FXIIIb shows the absence of such split SCRs. This observation has been experimentally confirmed for the FHR-2 (Skerka et al. 1995) and FXIIIb genes (Bottenus, Ichinose, and Davie 1990) .
Relationships Among SCRs of Group 2 Proteins MCP, DAF, CR1, and CR1L share structural similarity to repeats 1-4 of C4bp␣ ( fig. 6 ). Table 3 lists tree nodes with over 50% support for such clustering of SCRs. DAF has a duplication of repeat 1 and lacks repeat 4 of C4bp␣. The 30-SCR variant of CR1 has four tandem long homologous repeats (LHRs) similar to one another. Each LHR consists of seven SCRs closely related to SCRs 1, 2, 3, 4, 3, 2, and 3 of C4bp␣, respectively. In each LHR, there are three SCRs related to SCR 3 of C4bp␣. These repeats are further classified as type a, b, or c according to their degree of similarity ( fig. 6 ).
SCRs 29 and 30 of CR1 are similar to SCRs 3 and 4 of C4bp␣. CR1L consists of 7 SCRs, each similar to SCRs within an LHR of CR1, except for SCR 7, which is similar to SCR 2 of both CR1 and C4bp␣ (table 3) .
The sequence homology of these proteins is in agreement with their gene structure. SCR 2 of C4bp␣, SCR 2 of MCP, SCR 3 of DAF, SCRs 2, 6, 9, 13, 16, 20, 23 , and 27 of CR1, and SCRs 2, 6, and 7 of CR1L are each encoded by two exons (Hourcade et al. 1990; Post et al. 1990; Aso et al. 1991; Post et al. 1991; Rodriguez de Cordoba, Sanchez-Corral, and Rey-Campos 1991; Vik and Wong 1993) . In addition, CR1 and CR1L genes have several ''fused exons'' that encode two SCRs each: SCRs 3-4, 10-11, 17-18, and 24-25 of CR1, and SCRs 3-4 of CR1L (Hourcade et al. 1990; Vik and Wong 1993) (fig. 6 ).
CR2 has a more complex structure. The first 11 SCRs of CR2 are organized in three tandem 4-SCR arrays similar to SCRs 3, 4, 3, and 2 of C4bp␣, respectively ( fig. 6 ). In addition, the two pairs of SCRs 12-13 and 14-15 are similar to SCRs 3 and 4 of C4bp␣. SCRs 4, 8, and 11 are encoded by two exons each, while SCRs 1-2, 5-6, 9-10, 12-13 and 14-15 are the result of fused exons (Fujisaku et al. 1989) . Similarities between individual repeats of complement receptors CR1 and CR2 ( fig. 6 ) suggest that the evolution of these proteins was complex and resulted from a number of crossover events. In particular, while SCRs 1-28 of CR1 are arranged so that SCRs of types a, b, and c (similar to SCR 3 of C4bp␣) maintain their position in each LHR, SCRs 29 and 30 of CR1 and SCRs 1-15 of CR2 show a complex order of occurrence of b and c type repeats.
Discussion
The RCA genes are suggested to have a distinct evolutionary origin separate from other SCR-containing proteins that do not participate in the regulation of complement activation. The RCA gene cluster is likely to have evolved as a result of a series of gene duplication events (Reid et al. 1986; Farries and Atkinson 1991) . This separate phylogenetic position of the RCA members is confirmed by the divergence of their sequences from other SCR-containing proteins that do not participate in complement regulation (unpublished data).
The RCA proteins fall into two distinct groups on the basis of their sequence homology (fig. 4) . This division is independent of the functional activities of the proteins. For example, the two human plasma complement regulators, FH and C4bp␣, belong to different groups. FH is more closely related to the blood-clotting protein FXIIIb than to many complement regulators such as C4bp␣, CR1, MCP, and DAF.
From the sequence data used in this study, it was not possible to reach a conclusion as to when the divergence between the group 1 and group 2 RCA members occurred. Sequence similarity between human factor H, sand bass SBP1, and the C. elegans FH-like protein F36H2.3 suggest that FH, an alternative pathway member, is old in evolutionary history (Krushkal, Kemper, and Gigli 1998) . Although individual repeats of hu-man C4bp␣ are distinct from those of FH, SBP1 and F36H2.3, as shown by the phylogenetic tree inference, the average amino acid sequence divergence between C4bp␣ and FH is lower than that between C4bp␣ and SBP1 (Krushkal, Kemper, and Gigli 1998) . Assuming that SBP1 is the single precursor of both plasma complement regulators, FH and C4bp␣, the divergence between FH and C4bp␣ may have occurred in evolutionary history after the separation of the fish lineage. However, one cannot exclude a possibility that the split between the group 1 and group 2 proteins may have occurred before the appearance of the fish lineage and that a C4bp␣-like protein in fish has yet to be identified.
The last four SCRs of C4bp␣ do not have close sequence similarity to SCRs of the group 2 proteins CR1, CR2, CR1L, MCP, or DAF ( fig. 6 ). They are also divergent from SCRs of the group 1 proteins. There are two possible explanations for their divergent nature. One is that the ancestral precursor of the group 2 proteins was a C4bp␣-like molecule that contained eight divergent SCRs. As a result of a series of gene duplications and unequal-crossing-over events, only the first four SCRs were propagated to give rise to MCP, DAF, CR1, CR1L, and CR2. It is also possible that the precursor of the group 2 proteins was an MCP-like molecule with only four SCRs. C4bp␣ may have appeared after unequal crossing over, resulting in the merging of the four SCRs of such a precursor with the four repeats of some distant SCR-containing protein.
C4bp␤ is distinct from both groups of the RCA proteins. Its gene may have a mosaic structure, originating as a result of an unequal crossing over between different SCR-containing genes. However, the location of the C4bp␤ gene within the RCA cluster in tight linkage with the C4bp␣ gene (Pardo-Manuel et al. 1990) , as well as the presence of a split SCR 3 within C4bp␤ (Hillarp et al. 1993) , suggests a common origin of this gene and other RCA members. Either the C4bp␤ gene may have appeared very early in the evolution of the RCA cluster or its sequence may have diverged from other RCA members due to diversifying selection.
The evolutionary relationships among individual SCRs may explain the functional similarities and differences expressed by RCA members within groups 1 and 2. SCRs 1-4 or 1-5 of FH are necessary for its cofactor and decay accelerating activities (Gordon et al. 1995; Kuhn and Zipfel 1996; Sharma and Pangburn 1996) , while C3b binding is mediated by three sites: repeats 1-4, 6-10, and 16-20 (Sharma and Pangburn 1996) . Since the N-terminal SCRs are not present in the FH-related proteins ( fig. 5) , it should be expected that FHR-1, FHR-2, FHR-3, and FHR-4 lack the cofactor activity but can bind C3b. The results of this theoretical analysis are in agreement with published experimental data, which show a lack of cofactor activity in FHR-1 and FHR-2 (Timmann, Leippe, and Horstmann 1991) and the existence of C3b binding by FHR-4 (Hellwage, Skerka, and Zipfel 1997) .
FH and SBP1 are the only two proteins of group 1 with homology at the N-terminus; however, the functional significance of this structural finding has not yet been elucidated. In agreement with the sequence analysis results, these proteins both display cofactor activity, decay accelerating activity, and C3b binding (Pangburn, Schreiber, and Müller-Eberhard 1977; Kaidoh and Gigli 1989) . The N-terminal repeats of SBP1 are important for binding and cofactor activity for both human C4b and trout C3b (Kemper, Zipfel, and Gigli 1998) . The observation that SCR 2 of SBP1 is very similar to the split SCR 2 of FH suggests their functional importance.
The functional role of SCRs in the group 2 proteins also correlates with their phylogenetic clustering and shows the importance of the N-terminal repeats, including a split SCR (repeat 2 of C4bp␣, fig. 6 ). Such repeats are essential in the binding of human C4bp␣ to C4b (Dahlbäck, Smith, and Müller-Eberhard 1983) . In murine C4bp␣, the binding activity has been localized to SCRs 1-3 (Ogata et al. 1993) . SCRs 2-4 of DAF, corresponding to repeats 1-3 of C4bp␣, are functionally important (Coyne et al. 1992; Brodbeck et al. 1996) . Human CR1 expresses multiple functional sites located in SCRs 1-4, 8-10, and 15-18, all of which are related to the N-terminal repeats of C4bp␣ (Klickstein et al. 1988; Krysch et al. 1994; Reilly et al. 1994) . Binding of iC3b/C3dg to CR2 is affected by SCRs 1 and 2 (Lowell et al. 1989; Molina et al. 1995) . All four SCRs of human MCP play a functional role in either cofactor activity or binding of C3b (Adams et al. 1991; Iwata et al. 1995) . Therefore, similar to group 1 proteins, repeats in group 2 proteins that are related to SCRs 1-4 of C4bp␣ often participate in complement regulation, and the split SCR 2 is functionally important in both groups. In addition, the order of repeats also seems to play a role, since other SCRs similar to SCR 2 (split SCRs 6, 13, 20, and 27 of CR1 and 4, 8, and 11 of CR2) are not involved in complement regulation.
In summary, despite the long evolutionary history of the RCA proteins, which originated at least as early as the appearance of bony fish, a remarkable conservation of the N-terminal SCRs is observed within the group 1 and group 2 proteins, which carry a functional activity in complement interactions. Proteins lacking such N-terminal repeats seem to have lost their ability to participate in complement regulation. Future identification and analysis of complement regulators in fish, amphibians, reptiles, and mammals, as well as a detailed study of their more ancient homologs, may provide further insight into the origin and evolution of the group 1 and group 2 proteins.
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